IT is remarkable that the short-beaked echidna (Tachyglossus aculateus), with little physiological capacity to keep cool (Schmidt-Nielsen et al. 1966) and no recognized adaptations of the male reproductive system, can maintain viable populations in arid zones where shaded air temperatures exceeding 37.8 o C have been recorded on 160 consecutive days (Linacre and Hobbs 1977) . However, even though T. aculateus lacks a scrotum, in the context of our current understanding of reproduction there is a need to re-examine the concept that the male reproductive system of T. aculateus lacks adaptations considered important in marsupials and eutherian mammals. Consequently, this review examines how T. aculateus is adapted for sperm production, and assesses how this is related to their reproduction in an arid environment.
Evolutionary significance of sperm production
The function of the male reproductive system is of considerable importance in the evolution of mammals as males are exposed to different, and probably stronger, natural selection than females. For example, some males may achieve conception with many more females than other males and so contribute more on average to the next generation than individual females (Birkhead and Moller 1998) . Also, there is evidence that the mutation rate in the male germ line is greater than in the female germ line, the rate depending upon species and loci (Ellegren and Fridolfsson 1997; Li et al. 2002; Malcom et al. 2003) . These considerations ensure that there is significant selective pressure for males to evolve competitive mechanisms to achieve paternity. There are two aspects of this competition that are open to selection: competition between males to mate with females, and post-coital competition between sperm to achieve fertilization and development when more than one male mates with a female. These are collectively referred to as 'sperm competition' (Birkhead and Moller 1998) and must be a major factor driving adaptations of the male reproductive system. In this respect, it has been shown that some males can produce sperm that are prepotent in achieving conception over sperm from other males (Beatty 1960; Beatty et al. 1969) . Also, as conception most probably results from the mating closest to ovulation (Beatty 1960; Birkhead 1988) there is pressure for males to produce more sperm so that they can minimise the chance of being cuckolded by mating a female repeatedly during oestrus. Consequently, since the rate of sperm production per gram of testis is fairly constant among mammals (Amann et al. 1976) , species involved in sperm competition tend to have relatively large testes (Harvey and Harcourt 1984) .
Circumstantial evidence, involving inter-species comparisons, indicates that the extratesticular duct system also plays a role in sperm competition. Since the Agnatha (e.g., lamprey, hagfish) reproduce successfully without any extragonadal reproductive system, it is suggested that, except for adaptations to facilitate internal fertilization and development, the extratesticular reproductive system of mammals (and other vertebrates) must be a product of selection for sperm competition. In this respect, the extratesticular sperm ducts are adapted to accumulate and store sperm (mainly in the cauda epididymidis) and so provide the potential for numerous matings during a short period. The sperm reservoir is particularly useful as the testes of mammals can generally only produce the number of sperm per day that are in half to two ejaculates from a sexually rested male (Jones 1998). It provides the capacity, for example, for an individual ram (Ovis aries) to successfully inseminate 50 ewes in a night (BJ Restall, pers. comm.) and so be very competitive with other rams under natural mating conditions. However, the mammalian epididymis may play other roles in sperm competition. It is known to play an essential role in sperm developing the capacity to fertilise ova (they are not capable of this function when they leave the testis). However, it is not obvious what role this post-testicular sperm maturation plays in the process of conception in mammals, and it is noteworthy that it is of little or no significance in most other vertebrates (Jones 2002).
The development of accessory glands of reproduction is another adaptation of the male reproductive system that is probably involved in sperm competition. Absence of these structures in many birds, reptiles and fishes (there are analogous structures in some species) indicates that they are not essential for conception. In some mammals, for example, the accessory glands are responsible for the formation of vaginal plugs that presumably hinder the success of males that attempt cuckolding (Price and Williams-Ashman 1961). They also secrete proteins (decapacitation factors) that are involved in regulating the life span of sperm in the female tract (Davis and Davis 1983) and in this role they probably act in tandem with proteins secreted by the epididymis (Parks and Hammerstedt 1985; Reynolds et al. 1989; Kirchhoff et al. 1996) . Further, there is evidence that accessory gland proteins are responsible for inducing ovulation in some mammals (Pan et al. 2001) . Recent work on Drosophila provides convincing evidence of a role of accessory gland proteins in sperm competition, such as prolonging the lifespan of sperm and timing ovulation (Wolfner 2002) . Indeed, comparisons of expressed sequence tags from the male accessory glands of two closely related species of Drosophila indicate that their proteins show characteristics of rapid evolution (Swanson et al. 2001 ).
The penis is also probably an adaptation for sperm competition as the absence of an analogous structure in many birds indicates that it is not essential to achieve internal fertilization in amniotes. An obvious role for the penis in sperm competition is to strategically place sperm in the female tract. Further, in species such as the rabbit, it provides the physical stimulus for ovulation, and so optimises the timing of insemination and fertilization, and in the rat and mouse it extends the period of dioestrus as the stimulus leads to luteinization of the ovulated follicle (Emmens and Gidley-Baird 1977) .
Testes in the echidna
Most mammals are adapted so that the temperature of the testes is 3 -5 o C below deep body temperature. Their testes are located in a scrotum outside the abdominal cavity and their vascular supply has a counter-current exchange system. Spermatogenesis in these scrotal mammals is sensitive to heating, even to body temperature (Setchell 1998) . Nevertheless, the testes of T. aculateus (and some other mammals) are located intra-abdominally between the kidneys where they originate during early development, and the testicular arteries and veins are straight, direct branches from larger vessels. Consequently, testicular temperature is abdominal temperature, usually about 31 o C or less in T. aculateus (SchmidtNielsen et al. 1966; Grigg et al. 1989) . However, even though T. aculateus avoid high temperatures they are sometimes directly exposed to environmental temperatures of 35 -40 o C for 10 h during summer in arid regions (Brice et al. 2002a) , temperatures that would arrest spermatogenesis in scrotal mammals (Brice et al. 2002a) . In this respect, T. aculateus avoid exposing spermatogenic tissue to elevated temperatures since mating occurs during the cooler months of the year (Griffiths 1978) and direct solar radiation is avoided by seeking insulation underground or residing in caves or logs (Brice et al. 2002b) . On the other hand, there is no direct evidence that the testes of T. aculateus (and other testiconda) are as sensitive to heating as scrotal testes, and the heat sensitivity of scrotal testes may be an adaptation of the tissue after scrotal testes evolved. In this respect, testicular temperature in elephants is much the same as their body temperature and may exceed 37 o C when stressed (RC Jones, unpubl. data). Also, there is now evidence that avian testes are at body temperature (41 o C) (Beaupre et al. 1997) .
Epididymides of the echidna
Although there is considerable variation in the arrangement of the ductuli efferentes among mammals, the structure of the epithelium and its differentiation along the duct system is remarkably similar among mammals, including T. aculateus, and the platypus (Ornithorhynchus anatinus). There is also a similarity in function, involving the reabsorption of most of the fluid and solute that carries spermatozoa from the testis (Jones 1998).
The ductus epididymidis of T. aculateus is as long relative to testis and body mass as the ductus epididymis of eutherian mammals (Djakiew and Jones 1982a), and is certainly involved in posttesticular sperm maturation (Djakiew and Jones 1983). The ductus has an initial segment, a unique feature of the mammalian epididymis. However, its structural differentiation differs considerably from that of marsupials and eutherians. The initial segment makes up 96% of its length and the rest (terminal segment) is unique to monotremes (Djakiew and Jones 1981, 1982b) . In other mammals the epididymis is structurally differentiated into at least six different regions (Jones 1998). The terminal segment of T. aculateus epididymis is caudal to the posterior gonadal ligament as in other mammals, but differs from the other testiconda in not being displaced caudally away from the testis (probably because their abdominal cavity is relatively short) or adapted to form a large sperm storage region that is located just under the skin as in Procaviidae (hyraxes) and Elephantulus (elephant shrews). Indeed, only about 25% of extragonadal sperm are stored in the terminal segment of T. aculateus (Djakiew and Jones 1981). Nevertheless, their epididymidis is unique in that sperm form bundles of 20 -30 individuals as they pass through the duct (Djakiew and Jones 1983). The bundles form as sperm enter the terminal segment of the epididymis. Initially, the sperm form spheres with their rostral ends orientated towards the centre, then they orientate roughly parallel with one another. Transmission electron microscopy of the bundles has shown that an electron dense material forms a matrix between sperm in the bundles and at the rostral end of the bundle (Djakiew and Jones 1983). Although our earlier polyacrylamide gels of the epididymal luminal fluid did not find new proteins in the lumen where the bundles form (Djakiew and Jones 1983), our recent work showed that 35 S-methoinine is incorporated into two new proteins that are secreted into the region (J-L Dacheux and RC Jones, unpubl. data). The velocity of the sperm bundles is very high in the native epididymal fluid. The bundles persist for at least 30 min after dilution in a balanced medium for spermatozoa and their forward velocity is much greater than individual sperm. Although the formation of bundles is a strong indication that T. aculateus is involved in post-coital sperm competition, this must be reconciled with the observation, on Kangaroo Island, that only one male mates with an oestrus female (Rismiller and Seymour 1991) . The bundle formation is quite different to the pairing of marsupial spermatozoa (Biggers and Creed 1962; Phillips 1970) , the rouleaux formation of guinea pig (Glea porcellus) spermatozoa (Fawcett 1975) or the 'trains' formed by European wood mouse (Apodemus sylvaticus) sperm (Moore et al. 2002) . We have not found a report of sperm bundles forming in any other tetrapod.
Echidna accessory glands
Tachyglossus aculateus (and O. anatinus) have prostate and Cowper's glands, but both are small and may not contribute much to the volume of an ejaculate so that the epididymal secretions would make up most of the seminal plasma.
Penis of the echidna
The glans penis is bifid in T. aculateus, as in marsupials (Biggers 1966) and O. anatinus, with each part containing a branch of the urethra and bearing a pair of eversible papilla containing another urethral branch (Griffiths 1968) . The role of such a complex penis is not known although it has been presumed that "during copulation the swollen proximal end of the penis occludes the lower end of the urogenital sinus so that sperm are forced to enter the seminal urethra rather than pass straight through to the cloaca" (Griffiths 1968). We suggest that the complexity of the glands may play a role in holding the penis in the female tract during seminal emission because the spines on T. aculateus (and large tail of O. anatinus) make the copulatory position awkward to maintain.
Conclusions
It is timely to revise the old interpretation that the reproductive system of T. aculateus (and monotremes in general) is 'primitive', as this implies that it only provides the minimum requirements for fertilization and development in a terrestrial environment. There is an emerging understanding of the significance of the male reproductive system in relation to its role in the intermale rivalry involved in achieving Johnson and Varner (1988); b, Clulow and Jones (1982); c, Amann et al. (1976) ; d, Kenagy and Trombulak (1986); e, Setchell (1970) ; f, Setchell and Carrick (1973); g, Djakiew and Jones (1981); h, Djakiew (1982); i, Clulow and Jones (1982) .
conception, and this should be considered in interpretting the status of the male system.
The considerations above indicate that even though some aspects of the male reproductive system of T. aculateus may be considered 'primitive' and impose limitations on their life style, they nevertheless display all of the significant specializations present in the male tract of other mammals: an epididymis with the unique initial segment and a role in post-testicular sperm maturation and storage, and homologues of the prostate gland and penis. The absence of a descended testis and scrotum has not restricted the survival of T. aculateus in virtually all habitats in Australia. However, it may restrict their capacity to breed throughout the year, and their activity during hot periods of the day when spermatogenesis is active.
The considerations above also indicate that, compared to other mammals, T. aculateus is specialised for sperm competition (Table 1 ). An estimate of the rate of spermatogenesis (Djakiew 1982) indicates that it is comparable with other mammals. Consequently, the size of their testes and number of extragonadal sperm compared with other mammals are indicative that they are involved in sperm competition. The cooperation involved in the formation of sperm bundles is also indicative of sperm competition. The formation of 'echidna trains', in which a number of males will follow in line behind an oestrous female indicates that there is competition between males to mate with a female. However, the significance of the observation that only one of these males mates with the female (Rismiller and Seymour 1991 ) has yet to be resolved. 
